Abstract. The pot experiment was carried out to study the effect of the clay content on the uptake of phosphorus and some other nutrient elements by oats. Two different series of soil mixtures were prepared with increasing additions of clay soil up to 25 vol. % clay, the additions being made both to finesand and Sphagnum peat soils.
Uptake of phosphorus and other nutrients by oats from soils with various clay contents Arja Paasikallio Agricultural Research Centre, Isotope Laboratory, 01300 Vantaa Abstract. The pot experiment was carried out to study the effect of the clay content on the uptake of phosphorus and some other nutrient elements by oats. Two different series of soil mixtures were prepared with increasing additions of clay soil up to 25 vol. % clay, the additions being made both to finesand and Sphagnum peat soils.
The content of phosphorus in plants and the yield increased to some extent in finesand/clay soil mixtures with an increase in the clay content. In peat soil increasing additions of clay soil caused a decrease in the phosphorus content of the plant but had no significant effect on the amount of the yield. In finesand/clay soils the uptake of phosphorus by the oat from the fertilizer increased from 3 to 10 %, in peat/clay soils it decreased from 60 to 20 % with an increasing clay content of the soils.
The isotope dilution method was not applicable in the determining of the labile phosphorus of the experimental soil mixtures. This was assumed to be due to the small concentrations and concentration differences in soluble native soil phosphorus and to the strong fixing capacities of the soils. The contents of other nutrient elements in plants generally decreased with an increasing clay content. The most marked exceptions in this respect were the content of phosphorus in plants growing on finesand/clay soils and the content of potassium and manganese on peat/clay soils.
The quantity of the clay fraction is usually found to be inversely proportional to the quantity of plant available phosphorus in the soil. In some cases, however, the clay content of the soil has not affected the solubility of phosphorus applied to soil or the effect has been slight (Larsen et al. 1965 , Halstead 1967 and the increase in the clay content has even been reported to have increased the amount of plant available phosphorus (Olsen and Watanabe 1963, Baldovinos and Thomas 1967) .
The purpose of this study was to investigate the effect of clay additions to finesand and peat soils on the uptake of phosphorus and other nutrients by plants. Simultaneously the isotope dilution method for the determination of labile phosphorus (L-values) in these soil mixtures was tested.
Material and methods
Pot experiments with oats were conducted in three successive years. The model soils used were prepared by mixing various portions of clay with both finesand and peat. All these soils were of virgin origin. The experiment was repeated using the same soil mixtures in order to check the isotope dilution method. When finesand/clay soils were used for the first time the plants were grown under artificial light, all the other experiments were made outdoors.
Preparation of the experimental soils
Heavy clay soil of the illitic type (clay content 84 wt. %) was mixed with finesand, the final clay (< 2fi) percentages (in volume basis) of the soil mixtures being 0.6, 9.1, 13.1, 17.3, 21.5 and 25.7. In Sphagnum peat/heavy clay soils the clay percentages were 0, 4.2, 8.4, 12.6., 16.8, 21 .0 and 25.2. The soils were fertilized with 200 mg N as NH 4 N0 3 , 200 mg K as KCI, 300 mg Mg as MgS0 4 .7H 2 0 and 2 g Ca as CaC0 3 per one litre of soil. Radiophosphorus was added combined with the fertilizer phosphorus. The treatment in the first year was 75 mg P and in the second year 100 mg P per litre of soil as NaH 2 P0 4 . 2H 2 0. The specific activity of the solution was about 0.5 mCi P 32/g P. Trace element applications were: Fe and Mn 20 mg, Cu and Zn 5 mg, B and Mo 1 mg per one litre of soil. When repeating the experiment the soils were fertilized as above.
After the mixing of the fertilizers and the addition of water up to 60 % of the water holding capacity of the soils, they were allowed to equilibrate for a week, when repeating the experiment for two weeks. Then 31 seeds of oat (var. Pendek) were sown per pot containing 6 litres of soil. Four replicates were used. The pots were watered with deionized water, the excess water was collected and reused for watering. The plants were cut after a five weeks growing period. In the second year the oats were heading while in the first year they were at a more premature stage at the cutting time.
Plant analyses
The plant material was dried at 105°C and ashed at 450°C overnight. The ash was dissolved in 0.2 N HCI and Ca, Mg and K were determined by atomic absorption spectrophotometry. Phosphorus was determined colorimetrically by the vanado-molybdate method and the trace elements spectrographically.
The radioactivity was counted with an end window GM counter in 50 mg of the plant ash on the planchet, simultaneously one millilitre of the P 32 fertilizer solution with 50 mg of inactive ash was evaporated in the planchet and counted. The specific activities (cpm P 32/g P) of the plant material and the P 32 fertilizer phosphorus solution were also determined in quinolinephosphomolybdate precipitate by the modified method of Mackenzie and Dean (1948) (Larsen 1952) .
Soil analyses
The soils were extracted with an acid (pH 4.65) ammonium acetate (Vuorinen and Mäkitie 1955) for one hour in volumetric ratio 1 ;5. The cations of the soil extracts were determined by atomic absorption spectrophotometry, the phosphorus colorimetrically by the molybdenum blue method. The soil pH was determined from the soil-water suspension (1 : 2.5). The adsorption of phosphorus was determined by shaking the soils for 18 hours in NaH 2 P0 4 .2H 2 0 water solution in the volumetric ratio 1 ; 5 containing 20 and 100 ppm P in peat/clay and in finesand/clay soils, respectively. The 20 ppm P solution was too diluted for finesand/clay soils, the adsorption of phosphorus from this solution was nearly complete. The specific activities of the solutions were about 0.7 mCi P 32 (as sodiumorthophosphate) /g P and the solution was 0.01 N with respect to CaCl 2 . After shaking the soil-water suspension was centrifuged and filtered. One ml of each, the filtrate and the standard solution, were evaporated in the planchet and the radioactivity was counted. The percentage of adsorption in the soil was calculated from the difference in activities of the standard and filtrate solutions. The residual soil was washed, dried and extracted as before. The activity of one ml of the extract was counted. The percentage of the extraction was calculated from the adsorbed activity. The adsorption and extraction procedure of manganese was carried out in a similar manner.
Carrier-free Mn 54 solution containing about 10 nCi Mn 54/ml was used.
The effect of the clay content on the mineral content of the plant was tested by variance analysis. and 7.8 and in peat/clay soils 6.8, 7.2, 7.4, 7.5, 7.5 and 7.5. In the former soils the greatest difference between the pH-values was thus 0.6 and in the latter 0.7 pH-unit. The specific conductivity determined after harvest varied in finesand/clay soils from 11.3 to 3.0 and in peat/clay soils from 6.3 to 9.5 10 x mho with an increasing clay content. Fig. 1 shows the adsorption and extraction of phosphorus and manganese of unfertilized soils. In finesand/clay soils phosphorus showed a strong adsorption but the extraction was slight and changes in the clay content did not affect it. In peat/clay soils the adsorption of phosphorus increased considerably with an increasing clay content and the extractable amounts were large with respect to the finesand/clay soils and decreased with an increasing clay content.
The adsorption of manganese increased and the extraction decreased with an increasing clay content in both soil series, the relative extraction of manganese was much stronger than of phosphorus irrespective of the clay content.
The contents of phosphorus in plants
The yields of the plants growing on finesand/clay soils were small compared to those in peat/clay soils and they increased significantly with an increasing clay content (y = 4.93 + 0.233 x; r = 0.968**). The clay content had no significant effect on the yields in peat/clay soils (Fig. 2) . The figures also show the total amount of phosphorus taken up by the plants expressed in percentages from the added fertilizer phosphorus. The phosphorus content of the plants in the first treatment (no clay addition) of the finesand/clay soil series was significantly smaller than the content of other treatments between which there were no significant differences (Fig. 3) . In peat/clay soils the phosphorus content in plants decreased with an increasing clay contents (Fig. 3) , the two first additions of clay having the heaviest decreasing effects on the P content of straw. In grain the decrease was less marked. The contents of radiophosphorus in plants are also shown in the same figures.
In both soil series the specific activity of the plants increased with the clay content in the first year (Fig. 4) . The changes in the specific activity of the plants were expressed in per cents so that the control treatment of each soil series was marked as 100 %. On the basis of the specific activity of the plants and the amount of fertilizer phosphorus added to unit volume of soil, the native labile soil phosphorus was calculated as 37, 18, 15, 20, 20 and 18 mg P/l of soil with an increasing clay content. The calculations for the phosphor- us contents in peat/clay soils gave negative values except in pure peat soil which gave 7 mg P/l of soil. The amounts of phosphorus extracted by acid ammonium acetate are shown in Table 1 . The following year the specific activities of the plants growing on the same soils decreased especially in the peat/clay soils with the increasing clay content (Fig. 4) . The labile phosphorus values in finesand/clay soils were almost independent of the clay content and on an average larger than in peat/clay soils where the phosphorus content increased with an increasing clay content. The amounts of phosphorus extracted after the harvest by acid ammonium acetate decreased in finesand/clay soils from 5 to 3 and in peat/clay soils from 18 to 8 mg P/l of soil with an increasing clay content. An exception was the pure peat soil which had the lowest phosphorus content in this soil series.
Tig. 4. Relative changes in the specific activity of phosphorus in plants growing on finesand and peat soils with increasing clay content. The relative value of 100 % given to soils without clay addition.
The contents of calcium, magnesium, potassium and some trace elements in plants
The calcium and magnesium contents in plants decreased in both soils with an increasing clay contant (Fig. 5 and Table 2 ). Clay addition had no clear effect on the potassium content in grain (peat/clay soils) or on its content in straw (finesand/clay soils) while the potassium content in straw on peat soils increased markedly with an increasing clay content. This increase was more than two-fold and was highly significant.
The trace elements determined were iron, manganese, copper and molybdenum. Zinc and nickel were determined only in the grain. In the finesand/clay soils the manganese, copper and molybdenum contents in plants decreased significantly with an increasing clay content. The changes in the amounts of clay did not have any effect on the iron content of plants (Fig. 6 a) . The trace element concentrations of plants also in peat/clay soils generally decreased significantly with an increasing clay content except molybdenum which did not show any differences (Fig. 6 b) . The changes in the manganese content in the straw were exceptional, also in the grain there was a similar but more N u t r i e n t c o n t e n t s of p l a n t s , Table 2 shows the significances of the differences in yield and mineral contents of plants.
Discussion
With increasing silt and clay contents the amount of soluble cations in the soil generally increases and the soluble phosphate diminishes (Sillanpää 1962 a, b, Lakanen and Hyvärinen 1971) . There are changes also in the bulk density, pH, permeability, cation exchange and buffer capacity of the soil. When an equal fertilization was given to such a series of soil mixtures with a varying clay content, it levelled some of the differences, such as those in the hydrogen ion concentration and the nutritional status of the soil. The less native nutrients there were in the soil, the more available were the nutri- ents given in fertilizers. The plant uptake of phosphorus, potassium and manganese, however, made an exception, the last two only in peat/clay soils. The adsorption capacity of soils generally increased with an increasing clay content while the extraction percentage decreased.
In some cases the sanding of clay soils has been found to improve the moisture conditions of the soil, however, mixing of the »sand soil» into the clay soil may turn the soil to a »mortar», as happened in this experiment to the finesand/clay mixtures. Evidently the degree of the coarseness of the »sand soil» has a bearing on this phenomenon (Laine 1969) . The high content of aluminum and iron in finesand was evidently responsible for the high fixing capacity of phosphorus by the soil mixtures leading to a decrease in the availability of phosphorus to plants. Aluminum and iron may cause precipitation of soluble phosphorus as insoluble compounds under acid conditions. At high pH-values also Ca may affect the solubility of phosphorus (Hemwali, 1957 , Sillanpää 1961 , Takanen and Vuorinen 1963 , Juo and Ellis 1968 .
Clay additions increased the uptake of phosphorus by plants and especially the yield. The simultaneous decrease in the specific conductivity of the soil might also have had an effect. The clay fraction in the soil has often been found to be responsible for the fixing of phosphorus. However, the content of active iron and aluminum may not only be a function of the clay content but may depend on the parent material and on soil formation processes. For example Salonen (1941) found that gyttja clay, the soil B horizon and Carex peat soils had the highest phosphorus fixing capacities, while heavy clay, sandy clay, sand soils and the soil A horizon had lower fixing capacities. Olsen and Watanabe (1963) reported that the uptake of P by plants in calcareous soils increased with an increasing clay content. Baldovinos and Thomas (1967) had similar results with acid soils.
Clay soil, especially heavy clay, has been found to be a good amendment for peat soils. In this experiment the clay soil added to peat soil did not affect significantly the yield, but lowered the contents of most nutrients in plants. Since all the soils were well-fertilized, even the increase in the soluble potassium, caused by claying the soils, was not able to increase the yield. In field experiments where claying had led to a yield increase, the increase in soluble potassium besides the rise in soil pH, has been suggested as being an important although not the only factor affecting the yield response (Pessi 1960) .
The amounts of soil soluble Al and Fe, the initial level of available P and the adsorption and the extraction percentages of P were important in determining the amount of plant response to applied phosphorus in this experiment.
The isotope dilution method did not prove satisfactory for determining the soil labile phosphorus. This was supposed to be due to the lack of sensitivity of the method for determining such low concentrations and small concentration differences as the soils initially contained, and also due to the high phosphorus fixing capacity of the clay and finesand soils . For soils of high fixing capacity the values of soluble P are likely to be overestimated (Mekhael et al. 1965 , McConaghy et al. 1966 , Amer et ai. 1969 . This was apparently the case with the finesand/clay soils. The method is based on the assumption that equilibrium has been reached between the soil solution and soil solid. This was apparently not the case in this study. Amer (1962) supposed that some negative values reported in the literature (Thompson et al. 1961 ) may be accounted for by the low sensibility of the carrier method. In this study negative labile phosphorus values were obtained for the peat/clay mixtures. The higher the specific activity of the plant, the less soluble native phosphorus ought to exist in the soil solution to dilute the added radiophosphorus-fertilizer solution according to the principle of isotope dilution.
The increase in plant specific activity with an increasing clay content should then indicate the simultaneous decrease in the soil native labile phosphorus (Fig. 4) . When the values of labile soil phosphorus were determined for the second year, they ought to have indicated the soil residual phosphorus after harvest. The changes in the specific activity showed (Fig. 4) that the less clay there was in the peat soil the poorer the soil became with respect to P. In finesand/clay soils the changes in the specific activity were slighter. In peat/clay soils the uptake of potassium by plants increased with an increasing clay content, while the uptake of calcium and magnesium, and also potassium, in finesand/clay soils decreased. The dissolution of the unexchangeable potassium in a clay fraction has been found to be effective in the clayed peat soils (Keränen 1946) .
The results of Nair and Cottenie (1971) showed that amorphous Fe 2 0 3 , possibly by way of surface coating of finer sized particles (clay and silt) may retain a large proportion of Zn, Al, Cu, Mn and Fe. The amount of soluble manganese and to some extent iron depends also on the soil pH and the redox potential. With a decreasing soil pH the amount of soluble manganese increases and in soils with an equal pH the amount of soluble manganese is the larger the lower the redox potential. A high content of clay, compactness and a high water content of the soil will lower the redox potential (Scheffer and Schachtschabel 1973) . The decrease in the manganese content of the plant might at least partly have been due to the rise in the soil pH from 6.8 to 7.4 , that is to the 8.4 % of clay, hereafter the pH no longer increased but the probable decrease in the redox potential made the manganese more available.
Clay addition to the peat soil decreased significantly the copper and zinc content of plants. Copper is known to be fixed strongly by clay minerals and zinc behaves to some extent like copper. Copper is also fixed strongly by organic matter, the fixing is, however, more due to the origin than the amount of organic matter (Gupta and Mac Kay 1966) and in peat soils to the degree of decomposition of the peat.
In finesand/clay soils the uptake of molybdate by plants decreased with an increasing clay content while in peat/clay soils the clay addition did not seem to affect the uptake. Copious amounts of soluble P in peat soils with a small clay content might have had a preventive influence on the uptake of Mo (Bingham and Garber 1960, Bingham 1963 ) overshadowing the possible effect of clay on fixing Mo.
The increase in the nickel content of plants with an increasing clay content apparently was caused by the natively higher content of nickel in clay soil compared to peat soil.
